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2 Ever since homologs of mammalian ionotropic glutamate receptors (iGluRs) were discovered in plants (Lam et al., 1998; Lacombe et al., 2001) , their molecular-level functions have been an intriguing question. Particularly in need of a direct experimental test is the hypothesis that plant glutamate receptor-like (GLR) genes encode ligand-gated channels like the Na + /K + /Ca 2+ -permeable iGluRs which mediate electrochemical signaling in animal central nervous systems (Traynelis et al., 2010) . The hypothesis was suggested to account for the prevalence of non-selective cation currents across plant cell membranes (Demidchik et al., 2002; Demidchik et al., 2004) , and the ionic events including a Ca 2+ rise triggered by amino acids in plant cells (Dennison and Spalding, 2000) . The Ca 2+ permeability aspect of that hypothesis is especially important because the influx mechanisms that generate cytoplasmic Ca 2+ signals are not well defined at the molecular level (McAinsh and Pittman, 2009; Dodd et al., 2010; Spalding and Harper, 2011) . Direct assays of GLR transport activities are needed to test the hypothesis, especially since no GLR is similar to an iGluR in the pore region (Davenport, 2002) which typically determines the ion selectivity of glutamate receptors (Traynelis et al., 2010) .
Animal iGluRs can be expressed and studied with voltage-clamp techniques after expression in Xenopus oocytes but when this was done with an Arabidopsis GLR, no amino acid-gated activity was observed (Roy et al., 2008) . Transplanting the pore region of a GLR into an iGluR followed by expression of the chimeric protein in Xenopus oocytes was successful. In some cases, a plant GLR pore could form a Na + , K + and Ca 2+ conductance when placed in the context of an iGluR protein, indicating GLRs may function like iGluRs (Tapken and Hollman, 2008) . The case was strengthened by finding that the large, transient membrane depolarization and rise in cytoplasmic Ca 2+ triggered by glutamate in wild-type plants (Dennison and Spalding, 2000) depended on GLR genes. Specifically, glr3.3 mutants were found to be defective in their response to each of the six different amino acids (Ala, Asn, Cys, Glu, Gly, Ser) effective in the root apices of wild-type seedlings (Qi et al., 2006) . These results genetically linked ionic events including Ca 2+ transport to GLRs but fell short of demonstrating GLR3.3 to be a Ca 2+ -permeable channel. This is also a fair assessment of results obtained with glr1.2 mutant pollen tubes (Michard et al., 2011) .
A previous electrophysiological study of glr3.4 hypocotyls showed that their cells responded poorly to Asn or Ser and the response to Gly was marginally affected (Stephens et al., 2008) . Responses to Ala, Cys, and Glu were normal. These results were interpreted to mean that GLR3.4 was sensitive to the Asn, Gly, Ser subset of amino acid agonists (Stephens 
Results
Subcellular localization of GLR3.4 expressed in mammalian and plant cells Human embryonic kidney (HEK) cells are a standard functional expression system for mammalian iGluR channels (Chazot et al., 1999) , displaying little or no endogenous amino acidgated channel activity (Zhang and Huganir, 1999) . Much important information about the molecular functions of iGluRs has been learned by studying them in HEK cells (Keinänen et al. 1990 , Monyer et al. 1992 , Dravid et al. 2008 . Therefore, we transfected HEK cells with a plasmid carrying a GLR3.4-GFP fusion cDNA. The resulting fusion protein was shown by fluorescence microscopy (Fig. 1A) to adopt a pattern very similar to previously published examples of proteins that reached the plasma membrane of HEK cells (Christopher et al., 2007; Tang et al., 2007; Mikosch et al., 2009) . The expression pattern of free GFP is shown for comparison ( Fig. 1B) . Arabidopsis plants stably transformed with the same cDNA controlled by the 35S promoter to increase signal intensity showed a cellular signal consistent with plasma membrane localization (Fig. 1C ). Plasma membrane localization was expected because glr mutants are defective in ligand-gated ion transport at the plasma membrane (Qi et al., 2006; Stephens et al., 2008) . Plasmolysis of leaf cells in the transgenic plants produced Hechtian strands of plasma membrane connecting the protoplast to sites of adherence at the cell wall.
GFP signal was apparent in the Hechtian strands and in the plasma membrane surrounding the withdrawn protoplast ( Fig. 1D ). No evidence of chloroplast localization of GLR3.4 reported in a study that also reported plasma membrane localization (Teardo et al., 2011) was detected, though intense chlorophyll fluorescence could have masked a weak GFP signal.
The HEK cell result ( Fig. 1A) indicated that a patch-clamp assay of ion transport across the plasma membrane was worth pursuing. The plant cell results (Fig. 1C membrane potential clamped at -70 mV. Switching to an Asn-containing bath solution induced a large inward current that sustained without significant desensitization over many seconds, returning to the pretreatment level upon washout ( Fig. 2A ). Cells transfected with a plasmid carrying only GFP did not respond to this treatment ( Fig. 2A ). The current trace in Figure 2B shows that Gly was approximately 50% effective compared to Asn. Because the system displayed little desensitization, each test response could be normalized to that triggered by a strong Asn treatment administered to the same cell, thus accounting for any potential differences in GLR3.4 expression levels between cells. Figure 2C shows the magnitude of the response to each amino acid previously found to be an effective agonist in the wild-type plant Figure 2D shows that 10 µM agonist produced a small response, which increased strongly over the concentration range previously found to be effective in plants (Dubos et al., 2003; Meyerhoff et al., 2005; Qi et al., 2006; Stephens et al., 2008) . Across this concentration range, Asn and Ser were similarly strong agonists. Gly was approximately 50% as effective.
Ca 2+ permeability
The main ions in the solutions employed were Na + (140 mM inside/140 mM outside), Cl -(140 mM inside/140 mM outside), and Ca 2+ , which was either 2 mM or 20 mM outside and buffered at sub-µM levels inside by EGTA. To identify which of these ions was transported by GLR3.4, current-voltage (I-V) analyses were performed with the whole-cell patch clamp technique following the method used to establish the Ca 2+ permeability of NMDA-type and kainate-type iGluR channels (Mayer and Westbrook, 1987; Egebjerg and Heinemann, 1993) . Figure 3A shows currents during three selected voltage steps from a holding potential of -70 mV before, during, and after the Asn treatment. Subtracting either the pre-treatment or post-treatment current from the Asn-treated current at each clamp voltage produced a difference curve that represented the I-V characteristics of the Asn-gated conductance (Fig. 3B ). Whether pre-or post-treatment data were used as the reference state, the results were substantively the same because there was very little desensitization of the system. With 2 mM CaCl 2 in the bath, inward currents larger than 100 pA were observed over much of the voltage range, even at 0 mV, where Na + and Clwould be in equilibrium based on their equal inside and outside concentrations (Fig. 3B) permeability, the negative shift in reversal potential indicated that the GLR3.4 channel was less selective for Ca 2+ over Na + in 20 mM Ca 2+ than in 2 mM Ca 2+ . Following the analytical methods either of Lewis (1979) or Lee and Tsien (1984) , selectivity for Ca 2+ over Na + was calculated to drop from 5x10 4 to 7x10 2 when external Ca 2+ was raised from 2 mM to 20 mM. Cells transfected with a vector not containing GLR3.4 responded very little to Asn or to increasing CaCl 2 concentration; the difference I-V curves reversed near 0 mV ( Fig. 3B ). Each individual trial summarized in Figure 3B is presented in Supplemental File 1. Unlike the results in Fig. 2 which could be internally normalized, Fig. 3 results are subject to variability in GLR3.4 expression levels between individual cells, as shown in Figure 3D . The results in Figs. 2 and 3 , along with previous in planta results (Qi et al., 2006; Stephens et al., 2008) indicate that GLR3.4 is activated by amino acids to admit Ca 2+ into the cytoplasm to create a transient rise in Ca 2+ concentration.
Discussion
In the years since GLR genes were discovered in plants (Lam et al., 1998; Lacomb et al., 2001) , research has focused on their phylogeny and evolution (Chiu et al., 1999; Turano et al., 2001; Chiu et al., 2002) , This may be the extent of the similarity between plant GLRs and animal iGluRs. GLR3.4
is activated by at least three structurally diverse amino acids (Asn, Ser, and Gly) and thus displays an agonist profile broader than any iGluR. This may be due to the different evolutionary origins of the amino-termini of GLRs and iGluRs (Turano et al., 2001) , which in the case of GLRs may harbor additional amino acid binding sites (Acher and Bertrand, 2005) . Also, the poor selectivity between cations characteristic of iGluRs is not shared by GLR3.4, which is shown here to be highly selective for Ca 2+ over Na + in standard HEK cell recording conditions. The unique pore sequences of GLRs probably account for this difference, and may present opportunities to learn about the structural basis of Ca 2+ selectivity in channels. Because selectivity of GLR3.4 can be influenced by external Ca 2+ concentration (Fig. 3B ), possibly through effects on surface charges near the entrance to the conduction pathway or block by divalent cations (Mayer and Westbrook, 1987) , future research should examine selectivity in ionic conditions similar to those prevailing in the plant apoplast. A Ca 2+ dependent decrease in 7 Ca 2+ selectivity over Na + in glutamate receptors has been observed before (Jatzke et al., 2002) .
The phenomenon was suggested to make Ca 2+ influx less dependent on variations in extracellular Ca 2+ concentration (Jahr and Stevens, 1993) . No physiological significance of this effect to plant can be asserted, given that GLR3.4 probably never naturally experience more than 1-10% of the 20 mM external Ca 2+ used to verify Ca 2+ permeability in Fig. 3B .
The 20 different GLR subunits encoded in the Arabidopsis genome could theoretically form 8855 unique tetramers. Any tetramer containing a GLR3.4 subunit is predicted to be gated by Asn, Gly, or Ser as a result of the present work (Fig. 2) and the earlier finding that in planta responses to these same three amino acids are specifically impaired by glr3.4 mutations (Stephens et al., 2008) . Such predictions can be directly tested now that HEK cells have been established as a system for studying GLR function. The subunits to co-express and test electrophysiologically could be selected on the basis of co-localization of expression in the plant (Chiu et al., 2002; Roy et al., 2008; Dietrich et al., 2010) . Any novel gating or transport features displayed by heteromeric channels may provide clues about their physiological functions in the plant.
Considering scenarios in which the GLR3.4 agonists Asn, Ser, and Gly could be significantly present in the apoplast and therefore effective gating agents is another means of generating hypotheses about physiological function. Asn and Ser and other amino acids are exuded by plant roots (Nguyen, 2003) . GLR3.4 and other members of the GLR family are expressed in roots (Chiu et al., 2002; Roy et al., 2008; Dietrich et al., 2010) . Exuded amino acids that reach the rhizosphere are believed to be quickly mineralized by microbial metabolism (Griffiths et al., 1999; Owen and Jones, 2001 23 mM MES, adjusted to pH 5.7 with NaOH and gelled with 1% agarose.
DNA Cloning
Full-length GLR3.4 cDNA was isolated from total RNA by RT-PCR using the Superscript First-Strand System for RT-PCR and AccuPrime Pfx DNA Polymerase (Invitrogen) with the following amplification primers: forward, 5'-cat gtc tac gct agc atg gga ttt ttg gtg atg at -3'; reverse, 5'-cat gtc tac ccc ggg tta agt aat ttc gcc atg ttg tga ttg -3' with NheI and XmaI restriction sites within primers italicized. The resulting PCR fragment was cloned into TOPO® vector (pCR2.1)
following the manufacturer's protocol (Invitrogen). Verified pCR2.1-GLR3.4 clone was digested with NheI and XmaI and subcloned into the modified mammalian expression vector pIRES2-EGFP2 vector (Clontech) in which the fluorescent EGFP fragment was replaced with yellow cameleon YC3.60 (pIRES2-YC3.6) generating the resulting construct pIRES2-YC3.6 GLR3.4
used for HEK cell expression.
To generate the GFP-GLR3.4 fusion constructs the full-length cDNA of GLR3.4 was amplified as described above using the following amplification primers: forward, 5' -cacc at ggg att ttt ggt gat gat aag aga agt ttc -3'; reverse, 5'-agt aat ttc gcc atg ttg tga ttg -3' The gateway directional cloning modification (CACC) in italics was added at the 5' end of the forward primer. The resulting PCR fragment was cloned into the pENTR-D entry vector (Invitrogen) followed by a GATEWAY™ recombination reaction (Invitrogen) into pcDNA-DEST47 mammalian expression vector (pcDEST47-GLR3.4-GFP; for transfection of HEK 293T cells) or the modified pEARLEYGATE 102 plant expression vector (Early et al., 2006) in which the fluorescent CFP fragment was replaced with EGFP for enhanced fluorescence to produce the respective 35S:GLR3.4-EGFP. The floral dip method was used to transform the glr3.4-1 mutant with the 35S:GLR3.4-EGFP construct.
HEK cell culture and transfection
HEK293T cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 100 I.U./mL penicillin and 100 µg/mL) streptomycin. Trypsin-treated HEK293T cells were seeded onto glass coverslips 8 h to 1 d before transfection and placed in a 37°C incubator with 95% air and 5% CO 2 . Transfections were performed using FuGENE 6
Transfection Reagent (Roche Scientific). Cells were patch-clamped 48 h after transfection.
Electrophysiology
Transfected HEK cells were incubated in Hank's balanced buffered solution 45-60 min prior to experimentation in order to dilute any remaining amino acid-rich culture solution. HEK cells expressing the GLR3.4 construct were identified by visualizing the YC3.6 co-expressed marker with the fluorescence microscope on which the patch clamp apparatus was based (Olympus FRET-based measurement of cytosolic Ca 2+ using YC3.6
HEK293T cells transiently expressing the yellow cameleon YC3.6, adherent on glass coverslips, were submerged in 1 mL of the bathing solution described above. Test agonist was added as a concentrated stock to the 1 mL chamber to achieve the indicated final concentration. The YC3.6
FRET signal (ratio of 480 nm to 535 nm fluorescence) image was acquired at 1 Hz using the Meta detector of a Zeiss LSM 510 confocal microscope. The FRET ratios at all the pixels in a region of interest within the cell were averaged to quantify the amino-acid-induced Ca 2+ rise.
Subcellular localization
A Zeiss 510 laser scanning confocal microscope was used to visualize GLR3.4-EGFP in leaf epidermal cells and in HEK293T cells. Treatment with propidium iodide (50 µg mL 1) for 5 min stained the plant cell walls. The samples were excited with the 488-nm laser line and channel mode detection was used to record the emission of EGFP (500-530 nm) and propidium iodide (560 nm). For plasmolysis experiments, leaf epidermal strips were submerged in 0.7 M sorbitol for 5-20 minutes before the microscopy was performed. Optics employed were a plan-Apochromat 20X lens or a C-Apochromat 40X water immersion lens. HEK293T cells grown on glass coverslips and transiently transfected with the pcDEST47-GLR3.4-GFP vector were visualized 48 hours later. As a control the pcDEST47 empty vector was used.
1 0 1 5 clamped at values ranging from -140 to +85mV in 15-mV increments for 100 ms each, with a 0.8-s recovery period at -70 mV between steps but only three steps were selected for display.
The magnitude of the current reversibly gated by agonist (difference current) is indicated by 1 6
arrows. B, Difference current-voltage relationship of GLR3.4-expressing or control cells bathed in a NaCl-based buffer containing 2 mM or 20 mM CaCl 2 . Control cells were transfected with the YC3.6 Ca 2+ indicator only. The plotted data are means ± SEM, n=5 for control, n=6 for GLR3.4
transfected cells. C, Cytoplasmic Ca 2+ rise triggered by Asn in HEK cells expressing GLR3.4 and the optical Ca 2+ sensor YC3.6 or only YC3.6. The 535:480 nm fluorescence ratio, a direct measure of cytoplasmic Ca 2+ concentration, rose transiently upon application of 500 µM Asn only in cells expressing GLR3.4. The values are means ± SEM (n ≥ 3). Above the plots are confocal microscope images false colored to represent the magnitude of the FRET signal at each pixel at selected time points in a representative series. D, Cytoplasmic Ca 2+ rise triggered by Gly in HEK cells expressing GLR3.4 and the optical Ca 2+ sensor YC3.6. Three independent trials are shown.
Supplemental File
The data used to generate Figure 3B is presented in this supplemental file. The spreadsheet shows the I-V data obtained for each cell before, during, and after agonist treatment. The 'during minus before' difference is shown for each cell, as is the 'during minus after' difference.
In addition to the cells used to construct Figure 3B , five additional controls that were not transfected with anything are included to show that HEK cells lack much endogenous Asn-gated channel activity.
